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Objective 


thrust capabilities for low 

processes m a representative combustor OrL J*- de 1 tail ? d mixin g and combustion 
hydrogen-oxygen thruster whichN^ Si? particular interest is a small gaseous 
experimental program at NASA LeRC. Detailed 8 * coordinated P ar t of an on-going 
he solution of both the two- and three Hi mo • caia P u ^ a honal modeling involves 
coupled with chemical reaction^ St ° keS e ^ions 8 

of interest include both steady state and t? ° GS dlfflisi0n equations. Computations 
by means of LU approximate factorizTtxon and are 0 ^ned 

differencing in space. The emphasis in the r B «l ? nd !? ux s P Ut upwinding 
analysis to understand detailed combustor flowfieW ^ fo ? u ®? d on usi ng numerical 
dynamics created between fuel film cooW en^f, ’ mcludln g the shear layer 

pn "" T “ mbu, “' 

Progress to Date 

originally designe^to^rov^^auxi P & Sma11 gaseous hydrogen-oxygen engine 
Station Freedom (see Fig. 1) This eSnen PUl ^d° n ^ attitude control for Space 
and uses the entire hydrogen ea« fin ^ P^vides about 110 N (25 lbf) of thrust 

two-thirds of it is split off fo? w^ll jHm coo W wM ti th after which aW 

mixed with the oxidizer and used • g whde the remaining one-third is 
for this engine is an Aerdet Xtellt 1"“^ co “ b , UStion - The Pnmary combustor 
injected through separate ports around the m an d oxidizer are 

geometry that uses impinging injects has rp^f*! ° f the COre section - A second 
for this engine. A series of computeS^ res!^^ bC f n desi ^ ed at NASA Lewis 
platelet configuration. In addition esults have been obtained for the 

the impinging injector have also been obteme7 ^ mpts a \ obtaini ng solutions for 
present report along with an assessment^h^^' 8seres V dts are described in the 
oxygen spray combustion. We address "hese^hrppT 8 lnvolved ln modehng ethanol- 
emphasis on the platelet injector results. topics in order, with primary 

Platelet Injector - Simplified Geometry - Hydrogen Crossflow 

theleft, 1 is ™. >« Fig. 2. The core combustor is on 
is further downstream. The figure also fh!! coo }? ng gas is introduced along the walls 
■gm ion. Initially, it was expected thlt the bluff h plug that is a *ed for 

would create a recirculation region that £■£££ “ pIag 

region Atotef of iTrach^ortrisu^d f^ th v 0ugh two “‘“I stations into the core 
introduced about haifWay between ^ 



ports ^^clocted J v^}fres^ect^| e the t h e (^ OWnStream edge of the plug The 
between the hydrogen ietT r to the hydr °gen ports so that th7«^ * • oxy ^ en 

are rectangular in shape 3US ® ° f the P iatel ®t 

hiitial modeling' ofthic « 

KataTu^ «* bluffibody 

oxidizer-rich core gases S™ pl “ eand the Z£a^ffi 8 0 ?T*! !tod th ™gh 

coolant layer and weakens .fs o? S ' This combustion reduces the tv 1 *!™ 13168 wth the 
efficiency of the thruster Th e sf eCtlVeneSS ’ but jt als ° improves the n^u^ th ® 
analyses. The results shoJthlt thf™^ re ? ults deluded both steady an!) <. . 

an unsteady fluctuation in *u * ■ mixtng layer set un hv f ;. dy ? nd unsteady 

flow mixing ,n thfZ ' Xlng and combustion is no? «nn ^ Cons equently, the 

saSSs-^^ - -* 

wthout” l>« film «■!» to the „f 

tlte spark plug. 

*». mh lhe 

just downstream of the end nf fi, tbe '^ uro shows, the hydrogen in ■ ”? oxygen 
with a size of 0 06” x n nr d ™ the s P ark plug. The injection^ J tl0n ports are 
experimental setun ' The P ro Pellant flow rat^are rL ® S * ar ® recta ngular 
ratio of 5 13 an( j 7^:' ^ J/. ir \?,y erak mass flow rate of 0 0990 °^ ° matc h the 

oxygen entf^t 300 K Th e ?5 hydrogen ^1 is ffiSd ft 0/F 

m/s, and an oxygen n ® flow ra tes result in a hvHrntI ° K whlle the core 

ygen core flow speed of 13 m/s. hyd rogen injection speed of 325 

Since the injector contains 10 u j 

coml^ton^he™ mputaf 3Ch ' cm pP° se d' of a < l^^ie^ee*ai^]e^of ^^e combustor 
conditions as shown in FH J S then P erfor med on a singlf in i ^ cy ^ ndrica l 

chosen is 41 x 61 x 41 .shows the grid in the cross^nlan^ tT th ® f rid ln the 

- ta - - - 
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solution to provide persplcti^ on^hTid^ff’ To if* ov ® rvlewof the cold flow 

effects, we use one-fourth of the comhn«tn u sd °w three-dimensional 

Contours of the hydrogen concen t whlch evolves three injection holes. 

m Fig. 6. This plot shows the hydrogen concentre n thr j e ®: dime . nsionaI view shown 
enters from the side wall an at severd locationfrin f he 3Xlal location where it 
represented by the shaded revi™ r a, Iocatlons downstream. The spark plug 

be seen from this figure, eachhydrogen jet bendT^id?^ holes. As can 

direction and splits into two the downstream 

the velocity te^tore an^strea^ines^f Ts' ^ hydrogen J ets ’ w e present in Fig. 7 
located 5 mm downstream of the injecdon'port 'Thf^ 1 * 06 f ° r 3 cross ‘P Iane 

-d down inside its center portion, eveii^ 

cold flow casefre”] presente^i^^^ the hydrogen mass fraction in the 

effects and flowfield characteristics 8 p£ b6tter Understand the detailed local mixing 
symmetry plane of an l0C f i<mS startin S ^ 

location between the edge of the iniectnr^a^u tl ? eedge of an injection port, a 
and the injector symmetry boundary are given to ji eCtor sll . ce symmetry boundary, 
Although the velocity of the hydros Jn inf ^ to show vanations in the x - r plane 

flow (the velocity ration is 25)f the mcmentTn^ K T th3n * hat ofthe c °- oxygen 
0 2 ) is only 1.5. The hydrogen DenetvatJI * * between the two streams (Ho to 

symmetry before being swfpt toward the approx,matal y halfway to the axis of 
flow as shown in Figs 8a b ? and r r Hk t amw i se direction by the oxygen core 
limited amount of hydroiLrists ia^he^ 6 "’ P ° rt s y mme try plane^only a 
cross-plane, the oxygen Sfs up and Zckfv' ^ ^ 8a) ’ becaa - this 
oecause ofthe two counter-rotating horseshoefor^eT ^ ° fthejet 

combustofwall Cbu^om^hydrogen ^ifl if® hydrogen J et remains closer to the 

8a. Both Fig. 8b and Fig. Sow a rein of l^LT **** 38 * aIso d > d m F Tg 
downstream of the spark vine; The i h y dro ^ en concentration 
beneath the injection port ^ sh ° w T n Kg - 8c does not lie 

diffusion and expansion in fte 7dffecti 0 n C ° nCentratlon is the -suit of jet 

exists near the spar^pl^^^s^^f 6 “ Flg ' 8d ’ the am ount of hydrogen that 
only a limited ?gs. 8a, b and f . because 

slice boundary. Here, most ofthe hydrogen if ^rih/ 31- to " each the Rector 
clearly indicate that ideal mixing isl^achievedtn the co^dflow Se^ residts 

Figure 9 shows the^hree- (flmension^h 1 d fl ° W C3Se 3re given in Figs - 9 through 19 
quarter ofthe combustor, which agata clXsf hre" ° n cont °nrs over one 

g in contains three injector ports. The spark plug 
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is again represented bv the • , 

jet is turned toward the streamwise^fiedion 8 ?° ld flow case ’ each hydrogen 
with the adjacent lobe. In contrast to rhfTj | p it ln , to two iobes and then merges 
hydrogen is completely burned about half C ° d ?i° W solutlon shown in Fig 6 the S 
and no contours are visible past tUs poft"^ th ® P ™ ary combustion zonb 

„ fiv « „ w loc>Uon< 

-iiect of the horseshoe vortices in fho u f e P^ted in Fig. 10 to demonstrate thp 
are 5 mm, 10 mm, 20m V m rt and 30 mmTwof° n CaS ?' . five axiTlocatiTiS ^ 
schematically m Fig. n. The counter-rotating of the mJector port, as shown 

rnSr^ 

wall cooling section of the chamber fS^n^do St °? USt before the flow enters 
vortices may enhance mixing and combustion ^fth^tf 1 ^ of the mjector port). These 
wall shear region, but three dimens°”n a Tcomm t ^ hydro ^ en fil m coolant in the 
this region. mensional computations have not been extended into 

Fig^l2 er The^^o^r cros^pla^^are mass Action are shown in 

Figures 12a and b show that the hvd™ Xbp same positions as those in Fie 1 4 

oxygen core before being swept toward ?h” pene * ates °^y about 5 mmTnto the 
In contrast to the cold flow solutions no h !f Ial dlrectl °n by the oxygen core flow 
presence of combustion is seen to doo ydrogen reaches the centerline Thus the 
flame quickly consumes Sco^n/htd 6 th ® J6t P^ation distance ^nd the 

M >« 0 "I th t h h ’ d '”«““ "~.d m 

g. lZc has no hydrogen injection hn+ c+m J , ■ r P or ^- The azimuthal plane in 
hydrogen, but only a small amount is ableto^^?!® si & Ili ficant amount of 

2&“bSrss,is, jssr piot l^ srss 
■ssr*- 8 ' h ™’ “» 

locations shfw^pre^usdy (fTs mf 1 ® hydrogen mass fraction at the five axial 
penetration of the 13. Figure 13a shows^he 

obes of the jet as it is split by the counter mtaf 1 ' 16 Flgs '. X3b and c show the two 

concentration because a portion of IhThtdrn^ t. g T tlC6S ’ and the decreased 
- lae. 0 „„ 13 „ , nJ e) . J ““ 2 » 

9 and axial planes ha Fig^^^d*.^ 6 from the concentrations in the 

spark plug is indicated in Fig 15 bv r ® spect * vel y- T he location and outline of the 
m Fig. 14 also indicate that the OH Z ? Z ® r ° ° H contour hne. The i contours 
where combustion has not vet nm!!^ concentration inside the hydrogen feT 
concentration gradients near the edges of thejet* 11 that ther ® ® re V ® ry Steep 0H 
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cause! the oStnc^traZn tSw to , the gradient first 

1o er0 ;. Tbe OH concentration near the ranted ZT " t0 dr ° P rapidI y ba ck to 
locations. The maximum on the lower edsre of tho if J remm " s near zero at all 
the location of the diffusion flame. dg f th hydrogen Jet clearly represents 

different in that 11^0 H rancemra^ on hlraf-i f hydrogen J et is somewhat 

over a relatively large region near the wall This ll ° maximum and remains there 
concentration corresponds to a region of burnld 1 f reglon ofhigh OH radical 
affected by the mixing produced bv the d aad burm ng gas. This region is 

exception to this is the symmetrvnlanelo P— g horsesh oe vortex pair. An 
surrounds the hydrogen jet on both the bottom md ^top** 16 d ° Uble St6ep gradient 

conUnL°s^ Mg. 15 show that burning 

locations, the OH radical mass fraction u A ^ 30 111111 axial 

these are high temperature flame zone re<5 ° V€ lv, l* 1 re £i° n > indicating that 
burned. The OH radical a<rain hL regions that show the hydrogen iet is 

the hydrogen jet is not able to penetrate Ihlfton the centerline indicating 

given in Ffgs. 16, ‘ ? 17!°18 and^a'Tifgeneral Ihe^eT the tem Perature are 

analogous to that given above. AddS^^SS 1. 

Platelet Injector - Hydrogen and Oxygen Cross-Stream Injection 

wWcKy“en is m]11te7f™m U th S e ZIT^ *7* ^ ^ the slm Pi^ed 

tjj^hydrogen 

presented next. The geometrrf fnr A? ts have a ? so bee n computed and are 
and is identical to the experimental^om^t^The f C °^ iguratlon is given in Mg. 2 
discussion is on a comparison between iho rrec em P basis ln the following 
injection methods. For this canS^fcL ^ aces generated by the two oxygen 
geometry discussed above have 

» iSsst sii r,?c.™ 'r “■ «>.« « yt ,„ 

shown for simplicity in Fig 2) 0 59” frnm iff 6 ' 1 re p on of tbe spark plug contour feot 
oxidizer injection hole is 2 03 mm * 2 ^ ,7^™ end of the combustor Each 
fuel is injected into the chamber f t ( °-° 8 ? °' 08 ") ™ area. The hydrogin 
staggered at an angle of fifteen dem-eff wnstream of the end of the spark phig 
, oxy gen jets again as shown in Fig^ FeThf re , spe . ct to the tangential location’ of the 

from th X e°Sriam e 6 1d ““ 


5 



overall O/F rafcin in 4-i~ 

““ f » 25"^ 20 ' 5 *“■ » «-a»i to u»t 

to the centerline before hf” J6t penetrate s approximately n3' ~ tlon lnto 311 axial 

issssza* ^^ssstsss^s&sss 
a »ttS£sS?»t asffi£S£s?*-*. 

plane bisecting o n ps “ eaxn oxygen jets. The velorifv tJL* lff * , a beca use of 

jets) demonstrate the^mfv J6t 10 j 0cati °n 15° staggered with° ° rS aIong 3 tan £ential 
jet is sufficient to nenot ^? 6n l e ^ behavior in Fig 20c The res P ec t to hydrogen 
impinges directly on^hl™^ t ] lrou ® h the low spfij mri^ h ® “£ mentum of the °xygen 
moving in oppose dW Park plu g assembly P Th is s^t!fh°T Such that the jet 
recirculation zone between ?h ^ 1L> backward motion establish* 6 * lnt ° two P or ti°ns 
moving Portion^S^S^ pIug 3nd the 2 „ 
this cross section, a fan re ^on behind the spark pfu^s^M* 1 „ 

i near the hydroeen iet L P g as f e mbly. For 
iking it g Jet as a result of 


this cross section a &i 8 rem edrCUlati0n — 

recirculating gases from hS™ emerges near tl 
eases trom the oxygen striking it 


**uug ib. 

because the flowfipMh along the combustor length A =■ ° S i S sectl °ns at a fixed 
bisecting the hyd^’ 7*7' Ddic between each oxy2£ W “ft Wedge is shown 
impinges directiv ofthf ( ^°' 4 > shown in F?J 2i c 3 ?L M 7 e 3X131 location 
breaking thS °i n f ?" ter of ^ hydrogen !t i« oxygen flow 

mm downstream (^-0 5 )°i W ° di ? tinct lobes. At an axfol fol^ region 31111 

from a combination of thf h A° Wn ln Fi S- 21b, seveS sSnnl ^" a PP r «ximately 5 
region behind the ienito hydrogen/ oxygen jet interaction 5 ^ f? Ces are P r °duced 

p r tr. tt , ^b,?™ S to" 'S,‘. h \ l ' yd ?»»w* 

jet injection case. dramatically different than that pVedfoted'by £ ^j cal 

Figures 23 and 24 nresp^t oi •, 

hree axial locations Th^eo cross-sections plots of Ott 

for th Cter ' C ° nt0Ur P 10 ^ of thloH 6 mas 7 indicator of Anme La°tioTanf ° nS at 
jet,' and n^the^i^ dlwnltrelm f P ‘T ? re given 

““ “** both "*■««■ » “«^tafeSSST' , » ■ “~aKS 

ST presents the hydrogen 
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regio^ suiting tS th TW 0 sTs b sT^i r 7^*1 high 0H ““ration 
the flame sCSSiZr, ! s^larly true for the case in Fig. 24a, although 

inteHU^^SS?^^^T? 0U8 T 6 d “ 6 40 the ° Xyge “J et 

OH CZgTa'rrdemonstoted by the 

true for the hydrogen jet/axial oxygen flow “shown fa F ^ *£h Xu* 15 “ 
flowfieldand^he ] We'shoe ^o^LSuced^the’ hSogen^ef theSftt^ 

burns teS 311 ° f the hydr0gen 

afth“outlet. COmbUSt0r d06S n0t PraV,de the ^esire^^i^ra^^elfuni^ed flow^eld 

tan^Ta^re ^ 3t tW ° 

£2“ »■ *> Mropnls X13K !hSS£? > „^7 e 

~ am ' P rim ary combustion zone is at approximately the flame 

and the igniter recirculation znnp q^ 1 *? ^ ow ^ stream by the jet horseshoe vortices 
for only transverse hydrogen inject.o^nFi^^cand 1 d * 1 ^ loCationS are shown 

region e of 0 cTld S flov^emS^near U t^e C p nt ? UI i S “ F T igS ' 25a ’ d clearly show that a large 

verifies that (.u;° „ remains near the centerline. Inspection of other flowfield results 
oxygen COre “^contains a large fraction of unmS ^ ^reacted 

the C T terl i. ne t0 about one-thM of the 
10% of the area but with o f ecause of the geometry, this corresponds to just over 

3400 K temperature” in the oute^reS “n^s^mafl^ 10 °° ? 38 C °? pared to the 
the mass flow This constitntp* * ST ’ + 8 11 araa contam s almost one-third of 

one that Jl probablyT^ the exit P^e, and 

reacting TVmc u ■, • the entire engine without mixing or 

wall is hotter rpmiirimr o • ’ temperature in the outer annulus near the 

^aw^tssaaf-*-- 
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'^SSS*HVGI*3P , Pfj 

•h« sss ss»if “•“ l v ;i ,™rc “ir* ; » — 

averaged temperature ^ar^f 16 6X P erimen tal datafor St gl ° baI Parameters can 

S a ^ n Sr a ^dli o ^ for 

upper portion of thn Jh Ja F la ^y 4 mm, indicating Q r PProximately 3400 K for 
* Kg. 27, and iaf„tflec t Th The ^ave^X^^ the 

geometries reflect different ^ gen core near the cent *!? aS8 f t actions are shown 

results, although global n< ^ S ln spec ^ e s concentrating It* 16 ' operating 
combustor reflects the p ‘ e ^ * 1 3r ? capt ured. In ™al thp **“ experi mental 
oxygen appears to be present ?l s,gmfica nt combustion n^n^ PP * 6r portion of the 
of mcreased mixing du J , the multiple jet iniZ;™ products > .although more 

comb eSl f ItS reflect the full tL^dfm™ 1 ^ 031 nature of the flowfiel°d ' 3S 3 resuIts 

mhomogeneities in the S[!^jT^ aUal plane - Inherent S '? gle line of 

6 axia l velocity field also affi*t ?h« bl3Ses due to 

ect the averaging procedure 

Impinging Gas-Gas Ipjectoi 


ccmtours. the ter^eratur^o^our^^i^i ^ 3 6 ^^^n^n Figs 

Penetrate to the centi^ h J 3Pnular sl °t configuratf^ ,u h ’! e Fl f?- 31 shows the OH 
expected to penetr^fuZi\ C ° ld ’ ox ^n ric^ core “s left h ^ r °f en i et d <>es not H 

S's:" "s 

“■ f "» “» ‘«~s pCS“ ^SS* f 
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thicken. This suggests that the flame is nearly quenched in this area and may 
represent a potential difficulty in flame-holding (at least in the computation). The 
thicker region further downstream may also represent a second flame-holding 
location near the impingement point. Again, this axisymmetric configuration lacks 
the 3-D relief effects that occur in the real (3-D) injector. 

Attempts at extending this axisymmetric geometry to three-dimensions by 
closing part of the annular slot to form four injection ports have been started with 
both cold flow and hot flow computations. Thus far, these efforts have failed to lead 
to convergence. The main issue is finding an appropriate initial condition that will 
lead to convergence. This process has been hindered by the computational 
requirements for the reacting 3-D problem. Another possible difficulty may be that 
no steady solution exists but that the hydrogen jets flap in time and in this manner 
preclude convergence. Obtaining a solution appears straightforward, but requires 
additional efforts. Finally, we note that the chosen grid is still rather coarse to 
enable the problem to fit on a single workstation. We have access to parallel 
machines, but it is preferable to conduct exploratory calculations like the present 
one on single workstations to obtain the initial solution for a new problem. Finally, 
we also note that continued grid refinement in realistic combustion problems 
invariably results in an unsteady solution rather than a steady one. The present 
problem would not appear to be different. It is expected that this impinging ejector 
will be unsteady if the grid is made fine enough. We do, however, note that 
combustion heat release typically stabilizes the flowfield somewhat as compared to 
a cold-flow computation in the same geometry. 


GOX-Ethanol Spray Combustion 

The third and final topic concerned methods needed to compute GOX-ethanol 
spray combustion. The steps involved in modeling a liquid fuel with a gaseous 
oxidizer have been assessed and a method of approach has been formulated. The 
only actual computations with spray combustion that have been done have been for 
liquid oxygen with gaseous hydrogen. These, however, are sufficient to indicate 
that useful results can be obtained which will provide meaningful engineering 
insight. The steps completed are summarized below. 

The kinetics of any hydrocarbon fuel are exceedingly complex. Current detailed 
reaction kinetics for methane involve some 50 species and 200 reactions. The 
number of species and reactions for ethanol would be much larger than for methane. 
This complexity precludes all but exploratory research computations of simple 
hydrocarbons with detailed kinetics. (Such computations are, however, possible, 
and we are pursuing a detailed CH 4 -O 2 computation under other funding.) Reduced 
kinetic mechanisms and global one- or two-step mechanisms are, however, also 
available and are quite appropriate in two-dimensions The authors have used an 
approximate global mechanism for RP-1, and similar steps are easily accomplished 
for ethanol. 

In terms of spray combustion, we have made considerable progress with LOX- 
hydrogen. Our approach is Lagrangian in nature and tracks a large number of 
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representative drops. Key issues in spray combustion computations are the 
definition of initial drop size and velocity distributions. Computational resources 
dictate that these atomization effects be supplied from simple correlations or direct 
experimental measurements. There are no theories available that are sufficiently 
advanced to predict drop distributions in configurations of interest. Another major* 
issue is the potential differences between cold-flow atomization (where a large 
amount of data is available) and atomization in the presence of combustion (where 
almost no data is available). 


Flame-holding also is an important issue in spray combustion computations. 

The indications are that small droplets contribute much to flame-holding, while the 
larger droplets dictate the major characteristics of the flame. When small drops are 
omitted, the flame may anchor at the wrong location (or for the wrong reason) and 
thereby distort the entire flame shape. Similarly, when large drops are omitted, the 
global burnout characteristics are altered. Thus, it appears important to retain a 
complete (and generally wide) droplet distribution. The use of a droplet distribution 
(as opposed to a single drop size) also increases the number of drops needed to 
obtain statistically meaningful results. 

Appropriate interaction between a Lagrangian liquid phase and an Eulerian gas 
phase requires additional considerations. We have been able to obtain results that 
appear meaningful, but additional work is needed to identify the most efficient 
paths for reaching convergence simultaneously in both the liquid and gas phases, or 
even methods for verifying how well converged the results are. These are relatively 
mundane and simple tasks, but are ones that should be addressed. 

Important effects that can be studied with spray combustion models include the 
manner in which the drop size changes with axial distance, both in terms of mean 
size (such as Sauter mean), or the size distribution function. In addition, effects of 
changes in the drop size on the overall flame characteristics can be studied. Initial 
results (in LOX-hydrogen) indicate the global flame characteristics are relatively 
insensitive to changes in the mean droplet size, but additional detailed study of the 
flame-holding mechanism must yet be completed. 


Summary 

Three-dimensional computations of the Aerojet platelet injector have been 
successfully completed. The results show the core flow region of the engine contains 
significant non-uniformities, and that there is, in particular, a cool, oxygen-rich 
region in the shadow of the spark plug. Extension of these computations through 
the entire combustor to the nozzle have not yet been attempted, but are important 
to see how well these three-dimensional striations mix by the ti m e they reach the 
throat. 


These computations are rather compute-intensive, and are stretching the 
capability of current workstations. Nevertheless, they are possible, and become 
more so with each workstation upgrade. Computations on parallel machines (with 
from 8 to 32 processors) would be reasonably efficient, but it continues to be difficult 
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to get the necessary CPU allocations to run these cases practically (8 processor 
machines would require about four days while 32 processors would require 
approximately 24 hours). Single workstations appear to be able to provide enough 
computational results to interact effectively with an experimental research 
program. 

Attempts at obtaining solutions to the impinging injector problem have thus far 
been unsuccessful, but a careful methodical approach should be able to remedy this. 
Turnaround remains a major issue, but substantial progress can be made at a 
relatively low level. 

Formulation of the ethanol-GOX spray combustion problem has also been 
addressed. Companion experimental-computational studies in this area would 
appear to be very timely. The computations need experimental insight to be sure 
they describe the physics properly, while the computational results should provide 
more insight to the experimental measurements. At the present time, it does not 
appear practical to predict drop size or even its evolution in the computational code. 
Finally, incorporation of a drop size distribution is important in spray combustion, 
and details of flame anchoring must be reproduced qualitatively to get the overall 
flame structure correct. 
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Figure 1: Schematic of the geometry of the 
gas/gas hydrogen/oxygen auxiliary rocket 
thruster. 


Figure 2: Three-dimensional schematic of the 
computational domain showing staggered 
location of oxygen and hydrogen jets. 



Figure 3: Schematic for an injector symmetry plane in the primary combustion 
zone of the Aerojet thruster: a. Combustor geometry; b. Computational model. 
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Figure 4: Schematic of a series of cross-planes in the 0 direction. 
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figure hydrogen mass iraction contours in one-quarter of the 
comnustor. The spark plug is represented bv the snaded region. 
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St^ m one ^ uaner or 'the combustor. 

g k ' Jutl0n - T h e spark piu^ is represented bv the shaded region. 
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Figure 11: 


nematic of a series of cross-sections in the axial direction. 


20 



























Figure 15: The OH mass fraction contours at five axial cross-sections. 
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Figure 19: Temperature contours at five axial 


cross-sections. 





Figure 20a: Velocity vectors for transverse hydrogen injection into 
uniform oxygen flow. Tangential plane bisecting a hydrogen jet. 



Figure 20b: Velocity vectors for transverse injection of hydrogen 
and oxygen. Tangential plane bisecting a nydrogen jet. 



gure 20c: Velocity vectors for transverse injection of hydrogen 
ana oxygen. Tangential plane bisecting an oxygen jet. 
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Figure 21 : Transverse hydrogen and oxygen injection streamlines at two axial 
locations: a. Bisecting hydrogen jet; b. 5 mm downstream of H 2 jet. 
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figure 22 : Transverse hydrogen injection into oxygen tlow streamlines at two 
a.aai locations: a. Bisecting nvdrogen jet; b. 5 mm downstream of H 2 jet. 
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Figure 26: Comparison of circumferentially averaged temperature at exit plane as a function of radial 
location. Both computational solutions are compared with experimental data from NASA LeRC. 
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Figure 27: Comparison of circumferentially averaged species mass fractions at exit 
plane as a function of radial location. Both computational solutions are compared with 
experimental data from NASA LeRC: a. Water mass fractions; b. Oxygen mass fractions. 
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